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(57) ABSTRACT

Structures for transitioming between two layers of differing
lattice parameters are disclosed. In some embodiments, the
structures are in the form of a superlattice that serves as a
strain relieving transition between two layers of differing
lattice parameters. By controlling the properties of the super-

lattice, the superlattice can exhibit desirable properties such
as transparency to light and lattice matching to one of the two
layers of differing lattice parameters. Optoelectronic devices
such as light emitting diodes including such superlattices are
also disclosed.
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STRAIN RELIEF SUPERLATTICES AND
OPTOELECTRONIC DEVICES INCLUDING
THE SAME

TECHNICAL FIELD

The present disclosure generally relates to the field of
material deposition, i particular to thin film deposition.
More specifically, the present disclosure relates to structures
for transitioning between two thin film layers having differing
lattice parameters, and optoelectronic devices including such
structures,

BACKGROUND

Maisfit dislocations often arise when a second thin film
layer 1s deposited on a first thin film layer. This 1s particularly
true 1n mstances where the first and second thin film layers
have different in-plane lattice parameters. In such instances,
initial growth of the second thin film layer may be commen-
surate to the m-plane lattice parameters of the first layer. As
growth of the second thin film layer continues, misfit strain
may build within the second thin film layer due to the ditfer-
ence 1n lattice parameters between the first and second layers.
Eventually, misfit or other dislocations will arise 1n the sec-
ond thin film layer to relieve this strain. The thickness at
which misfit dislocations arise 1n a thin film layer 1s known in
the art as the “critical thickness.”

With the foregoing 1n mind, thin film technology 1s often
used to produce optoelectronic devices such as light emitting,
diodes. For example, some LEDs may be formed from a
plurality of thin film layers that are deposited on a substrate.
Due to differences in the lattice parameters of the substrate
and the layers grown thereon (or between subsequent succes-
stve layers), mistit dislocations may arise. Such dislocations
can reduce the optical efficacy of the LED, and may increase
the electrical resistance of n and p type semiconductive lay-
ers/regions used therein. This 1s particularly problematic 1n
the case of LEDs that include active regions designed to emit
ultraviolet light, wherein masfit dislocations may play a sig-
nificant role as non-radiative recombination centers.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference 1s now made to the following detailed descrip-
tion which should be read 1n conjunction with the following
figures:

FIG. 1 15 a cross sectional view of a generic structure in
which an exemplary superlattice consistent with the present
disclosure transitions between two layers that have different
lattice parameters;

FIG. 2 1s a cross sectional view of an exemplary light
emitting diode including a superlattice structure consistent
with the present disclosure;

FIG. 3 1s a cross sectional detail view of an exemplary
superlattice structure consistent with the present disclosure;

FIG. 4 1s a cross sectional view of another exemplary light
emitting diode including a superlattice structure consistent
with the present disclosure;

FIG. 5 1s a cross sectional view of yet another exemplary
light emitting diode including a superlattice structure consis-
tent with the present disclosure;

FIG. 6 1s a flow diagram of operations in an exemplary
method of forming a structure to transition between two lay-
ers that have different lattice parameters, consistent with the
present disclosure.
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2
DETAILED DESCRIPTION

Maisfit dislocations can negatively impact the performance
ol optoelectronic devices such as ultraviolet (UV) light emiut-
ting LEDs. With this in mind, semiconductor nitrides such as
aluminum gallium nitrides (Al Ga,_ N, where 0<x<1) have
been 1dentified as promising compositions for the production
ol semiconductive and UV emitting active regions/layers 1n
LED structures. Although Al Ga, N active regions are

A

capable of emitting substantial quantities of ultraviolet light,
the mventors are not aware of any substrates that have lattice
parameters that match Al _Ga,_ N. Indeed, the lattice param-

cters of Al _Ga,_ N may differ significantly (e.g., by as much
as 13% or more) from a sapphire or a gallium nitride on
sapphire (GalN/sapphire) substrate. Due to this difference 1n
lattice parameters, large numbers of misfit dislocations may
be generated in an Al Ga,_ N layer that 1s deposited on a
conventional LED substrate. Such dislocations may compro-
mise the optical efficacy and/or other properties of the device.

One aspect of the present disclosure 1s drawn to the use of
a superlattice as a structure to transition between two layers
that have different lattice parameters. As will be described
below, controlling various properties of a superlattice formed
on a first layer may allow the superlattice (and 1n particular an
upper surface thereof) to exhibit one or more lattice param-
cters that match or substantially match corresponding lattice
parameters ol a second layer to be deposited thereon. This
may limit or even eliminate the generation of misfit disloca-
tions 1n the second layer as the second layer 1s grown on the
superlattice. Moreover by controlling factors such as the aver-
age weighted composition of the superlattice, 1t may be pos-
sible for the superlattice to exhibit desirable properties for use
in optoelectronic devices, such as but not limited to transpar-
ency to light emitted from an active region of an LED.

For the sake of illustration, the present disclosure often
focuses on embodiments wherein a superlattice 1s used to
transition between first and second layers of an optoelectronic
device, such as between a substrate (or subsequent layer) and
a semiconductive layer that may be used in an LED. Such
discussion should be considered exemplary only, and 1t
should be understood that the present disclosure 1s not limited
to the use of superlattices 1n optoelectronic devices. Indeed,
the superlattices described herein may be suitably used to
transition between layers having different lattice parameters
in any context. For example, the technologies described
herein may be used 1n any electronic device that 1s composed
of epitaxial film layers that do not or cannot lattice match to
the host substrate (e.g., silicon/germanium thin film layers on
a silicon substrate).

One or more aspects of the present disclosure may be
described using numerical ranges. Unless otherwise indi-
cated herein, any recited range should be interpreted as
including any and all iterative values between the indicated
endpoints, as if such 1iterative values were expressly recited.
Such ranges should also be interpreted as including any and
all ranges falling within or between such iterative values
and/or recited endpoints, as 1f such ranges were expressly
recited.

For purpose of the present disclosure 1t 1s to be understood
that when one (first) layer 1s referred to as being “on” another
(second) layer, the first layer may be directly on the second
layer, or one or more intervening layers may be present
between the first and second layers. In contrast, when one
(first) layer 1s referred to as being “directly on,” a another
(second) layer, no intervening layers are present between the
first and second layers.
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The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting. For example, the singular terms “a,” “an” and “the”
are intended to include their plural forms as well, unless the
context clearly indicates otherwise.

In the present disclosure, the term “superlattice” 1s used to
refer to a structure that 1s formed by a plurality of periods,
wherein each period includes at least two thin {ilm layers of
differing composition. For the sake of clarity, the present
disclosure focuses specifically on the use of superlattices that
are formed by a plurality of periods, wherein each period
includes first and second thin film layers that differ 1n com-
position. It should be understood however that the superlat-
tices described herein are not limited to those having periods
defined by only two layers. Thus for example the superlattices
described herein may include a plurality of periods, wherein
cach period includes x layers of differing composition, where
X 1s two or more (e.g., three, four, five, s1x, etc.). Accordingly,
the superlattices described herein may be generally under-
stood as a thin film structure that 1s formed by a plurality of
alternating or repeating thin film layers of differing compo-
s1tiom.

The thickness of a superlattice, 1ts constituent periods, and
the thin films therein may impact one or more of the super-
lattice’s properties. For the sake of clarty, the symbols T,
and T, are used herein to designate the total thickness of a
superlattice and a thickness of a period within a superlattice,
respectively. Similarly, the symbols T, and T, are used herein
to respectively designate the thickness of first and second
layers 1n a two layer period of a superlattice. Instances where
a superlattice period includes more than two layers, the sym-
bol T, (wherex 1s 3 ormore) 1s used to designate the thickness
of a third (or another) layer 1n a period under consideration.

In some 1nstances the present disclosure will describe T .,
T,, T,,T,, and/or T, 1n relation to their respective “critical
thickness.” As 1s generally understood 1n the art of thin film
deposition, the critical thickness 1s a thickness above which
misfit dislocations appear in a deposited layer or structure,
e.g., so as to relieve misiit strain within the layer. In the
context of superlattices, 1t may therefore be understood that
cach layer and period m a superlattice may have its own
critical thickness, and that a superlattice as a whole may also
have a critical thickness. The manner 1n which such critical
thicknesses may be calculated or otherwise determined 1s
well understood 1n the art, and thus 1s not described herein.
For a discussion of critical thicknesses and the manner 1n
which they may be calculated, reference 1s made to the cal-

culations described 1n Fischer et al., Physical Review Letters,
vol 73 #20, Nov. 14, 1994 and Kim et al, Applied Physics

Letters, vol. 69, number 16, Oct. 14, 1996.

For the sake of clarity, the present disclosure uses the terms
h_,; and h_, to refer to the critical thickness of a superlattice
and a period contained therein, respectively. Similarly, the
terms h_, and h_, are used herein to refer to the critical thick-
ness of first and second thin film layers 1n a two layer period
ol a superlattice. In 1mstances where a period includes more
than two thin film layers, the term h__(where X 1s 3 or more)
1s used to refer to the critical thickness of the third (or addi-
tional) layer in the period under consideration.

The number of periods used 1n the superlattices described
herein may vary widely. For example, the superlattices
described herein may include v periods, wherein vy 1s a posi-
tive integer greater than or equal to 2, such as greater than or
equal to 10, 20, 30, 40, 50, 6070, 80, 100, 500, 1000, or more.
The specific number of periods that may be desirably used 1n
a superlattice may be dependent on several factors, including
but not limited to T, T.;, h_.,, and combinations thereof. In
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4

some embodiments, the number of periods 1n a superlattice 1s
selected such that T, 1s greater than h_, .

Reference 1s now made to FIG. 1, which illustrates one
example of the use of a superlattice consistent with the
present disclosure to transition between two layers that have
different lattice parameters. As shown, layer stack 100
includes underlayer 101, overlayer 102, and a superlattice
103. Underlayer 101 and overlayer may be any thin {ilm
layers suitable for use 1n a thin film structure, including those
that may be found in a wide variety of devices. For example,
underlayer 101 and overlayer 102 may respectively correlate
to successive layers that 1n a thin film structure, such as may
be found 1n a semiconductor devices (e.g., an optoelectronic
device), optical filters, multilayer thin film coatings, or the
like. Alternatively or additionally, underlayer 101 may corre-
late to a substrate upon which overlayer 102 (e.g., a thin film
layer) 1s to be deposited. For example, underlayer 101 may be
a substrate of an optoelectronic device such as an LED, and
overlayer 102 may correspond to a thin film semiconductive
layer overlying the substrate, as will be further explained 1n
connection with FIGS. 3-5.

Regardless of the end use 1 which stack 100 1s used,
underlayer 101 and overlayer 102 are two layers that have
different lattice parameters. For example, underlayer 101
may have a first in-plane lattice parameter and overlayer 102
may have a second in-plane lattice parameter, wherein the
first and second lattice parameters are different. In some
embodiments, the first in-plane lattice parameter of under-
layer 101 1s smaller than the second in-plane lattice parameter
of overlayer 102. In other embodiments, the first in-plane
lattice parameter of underlayer 101 1s larger than the second
in-plane lattice parameter of overlayer 102.

Therefore consistent with the foregoing discussion, 1f over-
layer 102 were deposited (e.g., grown) directly on underlayer
101 using a thin film deposition techmque (e.g. physical
vapor deposition, chemical vapor deposition, molecular
beam epitaxy, etc.), atoms of overlayer 102 may be initially
commensurate to the first lattice parameter of underlayer 101.
As the thickness of overlayer 102 increases however, misfit
strain may build until the critical thickness of overlayer 102 1s
reached. At that point, misfit dislocations may appear 1n over-
layer 102 to relieve the misfit strain, and subsequently depos-
ited atoms of overlayer 102 may be laid down 1n accordance
with its second lattice parameter. Left unchecked, such misfit
dislocations may be carried forward 1nto subsequent layers
(not shown) that may be deposited on overlayer 102.

With the foregoing 1in mind, superlattice 103 1s generally
configured to serve as a transition between underlayer 101
and overlayer 102. More particularly, superlattice 103 may be
configured to serve as a transition that limits or prevents the
movement of misfit dislocations from underlayer 101 to over-
layer 102. For example and as will be described below 1n
connection with FI1G. 2, superlattice 103 may be configured to
1solate dislocations at the interface between 1t and underlayer
101. As a result, superlattice 103 may serve as a defect free
layer/substrate, upon which other layers (e.g., overlayer 102)
may be deposited. This may prevent the migration/translation
of misfit and/or other dislocations that may be present in
underlayer 101 to overlayer 102.

As will also be described below, superlattice 103 may also
be configured to limit or prevent the formation of new misfit
dislocations 1n a subsequently formed layer, such as overlayer
102. In this regard, it 1s noted that the amount (allowance) of
lattice mismatch between overlayer 102 and underlayer 101
that may be permitted (without generation of misfit disloca-
tions 1n overlayer 102) may in some embodiments be a func-
tion of the critical thickness of superlattice 103 and/or sub-
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sequently layers. For example, lattice mismatch between
overlayer 102 and underlayer 101 may increase as the critical
thickness of superlattice 103 decreases, and vice versa.

The tolerance limait for dislocation density may be dictated
by the functionality of the device 1n question and the materials
used. Once this dislocation density limit 1s known, 1t may be
possible to calculate the upper limit of tolerable lattice mis-
match. Adjusting the composition and/or thickness of the
superlattice layer and the thickness of subsequent layers may
enable the device to remain below the mismatch limit. The
associated parameters of the device could be obtained from
the device performance experimentally.

With the foregoing 1n mind, 1n some embodiments super-
lattice 103 may be formed such that 1t exhibits one or more
lattice parameters (e.g., at an upper surface thereof) that
match or substantially match corresponding lattice
parameter(s) of overlayer 102, e.g., the second lattice param-
cter described above. In this context, the term “substantially
match” means that a lattice parameter (e.g., an 1n-plane lattice
parameter) of superlattice 103 (particularly at a top surface
thereol) 1s within about 3% of the corresponding lattice
parameter of overlayer 102, such as within about 1%, within
about 0.1%, within about 0.01%, or even within about
0.001% of the corresponding lattice parameter of overlayer
102. Without limitation, superlattice 103 1s preferably con-
figured such that a lattice parameter thereof (e.g., an in-plane
lattice parameter) at an upper surface thereotf 1s within about
0.1% of a corresponding lattice parameter of overlayer 102.

In some embodiments, superlattice 103 may be configured
such that its lattice parameter(s) change(s) from a bottom
surface thereof to a top surface thereof. For example, super-
lattice 103 may be configured such that the plane lattice
parameter at 1ts bottom surface 1s relatively close to the first
in-plane lattice parameter of underlayer 101, but the in-plane
lattice parameter at 1ts top surface matches or substantially
match the second 1n-plane lattice parameter of overlayer 102.
This change 1in lattice parameter may occur gradually
between the bottom and top surfaces of superlattice 103 (e.g.,
as a gradient), 1n a stepwise manner, or in some other manner.
Without limitation, the change in lattice parameter (1f
present) occurs 1n a gradual manner, e.g., as a gradient from
the bottom to the top surfaces of superlattice 103.

Of course, superlattice 103 need not be configured to
exhibit a change 1n lattice parameter. Rather, superlattice 103
may be configured such that 1its lattice parameter(s) are fall
between the first and second lattice parameters of underlayer
101 and overlayer 102, respectively. In such instances, super-
lattice 103 preferably exhibits a lattice parameter that 1s closer
to the second lattice parameter of overlayer 102 than it 1s to
the first lattice parameter of underlayer 101.

When superlattice 103 (or at least an upper surface thereot)
exhibits a lattice parameter that matches or substantially
matches a lattice parameter of overlayer 102, growth of over-
layer 102 on superlattice 103 (e.g., a top surface thereol) may
occur without buildup of muisfit strain, or with a buildup of
misfit strain that 1s reduced relative to that which may accrue
when overlayer 102 1s deposited directly on underlayer 101.
Without wishing to be bound by theory, 1t 1s believed that
when a superlattice 103 (e.g., an upper surface thereof) has a
lattice parameter that matches or substantially matches a lat-
tice parameter of overlayer 102, atoms of overlayer 102 may
be deposited such that they register or substantially register
with the atoms at the upper surface of superlattice 103. In
other words, atoms of overlayer 102 may be epitaxially
deposited on the upper surface of superlattice 103 1n accor-
dance with their natural lattice parameters, e.g., the second
lattice parameter noted above. As a result, misfit strain may be
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6

climinated or reduced 1n overlayer 102, resulting 1n a corre-
sponding reduction or elimination of misfit dislocations
within second layer 102.

Reference 1s now made to FIG. 2, which provides a detail
cross sectional view of an exemplary superlattice consistent
with the present disclosure. As shown, superlattice 103
includes a plurality of periods 200, 200,, 200,, where y 1s
greater than or equal to 3. Each period includes a first layer
201 and a second layer 202. First and second layers 201, 202
may be formed from any suitable material, provided that they
differ in composition. More generally, first layers 201 may be
formed from a first material, and second layer 202 may be
formed from a second material, wherein the first and second
materials are different from one another.

As non-limiting examples of suitable materials that may be
used to form first and second layers 201, 202, mention 1s made
of metal nitrides such as aluminum nitride (AIN), gallium
nitride (GaN), aluminum gallium mnitride (Al Ga,_N),
indium nitride (InlN), indium gallium nitride (InGalN), com-
binations thereof, and the like. Of course, such materials are
exemplary only, and any suitable material may be used to
form first and second layers 201, 202. In some embodiments,
first and second layers 201, 202 are different in composition,
and are formed from one of GaN, AIN, or Al Ga,_N. As may
be appreciated, such layers may be used to create a superlat-
tice having an average weighted composition that may equal
or nearly equal the composition of a GaN, AIN, or Al Ga,_ N
layer to be deposited on the superlattice, as will be discussed
later 1n conjunction with FIGS. 4 and 5.

In some embodiments, the materials used to form first and
second layers 201, 202 may be selected based on difference 1n
their respective elastic moduli. For example, in some embodi-
ments first layer 201 may be formed from a first composition
that has an elastic modulus that differs from the elastic modu-
lus of a second composition used to form second layer 202. In
some embodiments, the first composition exhibits an elastic
modulus that differs from the elastic modulus of the second
composition by greater than or equal to about 5 to about 100
or more %. As may be appreciated, the larger the difference 1n
the elastic moduli between layers of superlattice 103, the less
likely 1t 1s for dislocations 1n underlayer 101 to propagate
through superlattice 103 to overlayer 102. With this 1n mind,
in one example superlattice 103 may be formed from alter-
nating AIN and GaN layers, as opposed to alloys of AIN and
GaN. In such instance, the average weighted composition of
superlattice 103 may be adjusted to substantially match that
of overlayer 102 by adjusting the thickness of the individual
layers. Preferably, each of the individual layers remains
below hc, but is larger than their individual surface roughness.

The materials used to form first and second layers 201, 202
may also be selected based on the composition of an overlayer
to be deposited on superlattice 103, such as overlayer 102. For
example, where an overlayer 1s formed of an alloy, e.g., an
alloy metal nitride such as Al _Ga,_ N, the composition of first
and second layers may be selected such that the superlattice
may exhibit an average weighted composition that matches or
nearly matches the composition of the overlayer. In some
embodiments, this means that the average weighted compo-
sition of superlattice 103 1s within +/-15% of overlayer 102,
such as within about 10%, within about 5%, or even within
about 1%. In the Al_Ga,_N example, this may be achieved by
forming first and second layers 201, 202 from AIN, GaN,
Al Ga,_N, or different Al Ga,_N alloys, such as Al Ga, N

X

alloys containing less than 50 atomic % Al or Ga, as will be
discussed later in connection with FIGS. 3-5.

Without limitation, the materials forming first and second
layers 201, 202 are preferably selected not only for their
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capability to form a superlattice having an average weighted
composition matching or nearly matching an overlying layer,
but also for the fact that they exhibit elastic constants that
significantly differ from one another (e.g., are as different as
possible). With this in mind, 1n the embodiment wherein an
Al Ga,_N overlayer will be deposited on superlattice 103,
first and second layers 201, 202 are preferably formed from
AIN and GaN, respectively.

For the sake of clarity, superlattice 103 1s 1llustrated 1n FIG.
2 as including a plurality of periods 200,,200,, 200_, wherein
cach period includes identical first and second layers 201,
202. It should be understood that such illustration 1s exem-
plary, and the composition of first and second layers 201, 202
may vary between periods. Although such structures may
vary somewhat from a superlattice in the strict sense, they
may be useful in some applications. For example, period 200,
may 1nclude first and second layers 201, 202 formed from first
and second matenials, respectively (e.g., AIN and GaN),
whereas second period 200, may include first and second
layers 201, 202 formed from third and fourth matenials, (e.g.,
AIN and Al Ga,_N, respectively).

As further shown 1n FIG. 2, first layers 201 are formed to
thickness T, and second layers 202 are formed to a thickness
T,. Such thicknesses may vary widely, provided that they are
below the critical thickness of their respective layers and will
lead to the targeted average weighted composition for the
superlattice. That1s, thickness T, may be any thickness below
the critical thickness h _, of first layer 201, and thickness T,
may be any thickness below the critical thickness h_, of sec-
ond layer 202. Similarly, periods 200,, 200,, 200 of super-
lattice 103 may each be formed to a thickness T, which may
also vary widely provided that 1t remains below the critical
thickness h,, of the period 1n question. In the case of an
AIN/GaN superlattice for example, 1n some embodiments the
thickness of the AIN layers may vary from about 2.5 ang-
stroms to about 27.4 angstroms, and the thickness of the GaN
layers may vary from about 2.6 angstroms to about 25.9
angstroms.

The inventors have discovered that when'T' |, T,, and T, are
below their respective critical thicknesses, superlattice 103
may exhibit significantly enhanced strength, relative to its
constituent layers (e.g., layers 201, 202) and, in some
embodiments relative to the strength of underlayer 101 or
overlayer 102. Without wishing to be bound by theory, it 1s
believed that due to this strength superlattice 103 may prevent
or limit to migration/translation of misiit dislocations that
may be present in underlayer 101 from translating through to
overlayer 102. Indeed 1n some embodiments, such disloca-
tions may be 1solated to and/or aggregate at an interface
between superlattice 103 and underlayer 101.

In mstances where superlattice 103 1s to be used 1n an
optoelectronic device such as an LED, the composition and
thicknesses of first and second layers 201, 202 may also be
selected such that superlattice 103 exhibits desirable optical
properties, such as transparency to light emitted from an
active region of the LED. In instances where an active region
of an LED utilizes an active region that emaits ultraviolet light
for example, the first and second layers 201, 202 may be
configured such that superlattice 1s transparent to ultraviolet
light. Put 1n other terms, first and second layers 201, 202 may
be configured to transmit greater than or equal to about 50%
of incident ultraviolet light, such as greater or equal to about
60%, 70%, 80%, 90%, or even 100% of incident ultraviolet
light.

As will be discussed later in connection with FIGS. 3-5, in
some embodiments the superlattices described herein may be
used m an LED that includes an n-doped semiconductive
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layer formed from an Al Ga,_ N alloy, as well as an active
region (e.g. a multiple quantum well (MQW) structure) that
includes an Al Ga,_N alloy configured to emit ultraviolet
light. For the reasons noted above, 1t may be desirable to form
first and second layers 201, 202 from AIN, GaN, or Al Ga, __
N, such that the average weighted composition of superlattice
103 matches or nearly matches the composition of the
n-doped semiconductive layer. Because GaN does not trans-
mit ultraviolet light however, the compositions and thick-
nesses of first and second layers 201, 202 should also be
selected such that the average weighted composition of super-
lattice 103 contains more aluminum than the active region of
the LED. More particularly, the composition and thickness of
first and second layers 201, 202, are selected such that the
average weighted composition of superlattice 103 contains
more aluminum than the Al Ga,_N alloy used 1n the active
region of the LED. In such instances, superlattice 103 will be
at least partially transparent to UV light emitted by the active
region.

As further shown 1n FIG. 2, superlattice 103 may have a
thickness T ., that 1s equivalent to the sum of the thickness of
cach of its constituent periods (e.g., period 200,, 200,, etc.)
and/or the sum of the thickness of each of its constituent
layers (e.g., first and second layers 201, 202). T, may vary
widely, depending on the nature of the materials used to form
layers 201, 201, the difference in lattice constant between
superlattice 103 and underlayer 101, the composition of over-
layer 102, or a combination thereof. As may be appreciated,
T, may be controlled by varying the number of periods 1n
superlattice 103.

In some embodiments, T, 1s greater than the critical thick-
ness of superlattice 103, 1.e., T,>h_.,. Without limitation,
the thickness T ., of superlattice 103 1s suificiently above h_.,
such that one or more of 1ts lattice parameters 1s equivalent or
substantially equivalent to weighted average lattice param-
eters of each of first and second layers 201, 202, at which
point superlattice 103 may be considered “relaxed.” That 1s,
where o, =(T,0,+T,0,)/(T,+T,)), where o, 1s a weighted
average lattice parameter (e.g., at the top of the superlattice),
and 0, and 0, are a corresponding lattice parameter of the first
and second layer 1n 1n the last period of the superlattice.

Whether or not a superlattice 1s relaxed may be determined
experimentally by analyzing the superlattice to determine 1ts
Poisson’s ratio, €.g., using the X-ray diffraction techniques of
assymetric and symmetric reciprocal space mapping and the
Poisson’s ratio for the superlattice components. The lattice
parameters a, b and ¢ of the superlattice may then be com-
pared to a weighted average of the “ideal” lattice parameters
of the superlattice, which may be calculated or otherwise
determined using known methods in the art. When the mea-
sured umit cell equals or substantially equals the weighted
average “1deal” unit cell, the lattice parameters of the super-
lattice may be considered equivalent to the weighted average
lattice parameters of the first and second layers, and the
superlattice may be considered “relaxed.”

To generally summarize the foregoing, the superlattices of
the present disclosure may be formed of a plurality of periods,
wherein each period includes at least first and second layers of
differing composition. In some embodiments, the superlattice

may be configured such that one or more of the following
relationships 1s met:

(1) T,<he,;
(2) Tr<h,,;
(3) T,<heyp:
(4) T, >hegy s
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(5) the average weighted composition of the superlattice
equals or substantially equals the composition of an overlayer
to be deposited thereon;

(6) the superlattice exhibits a lattice parameter that equals
or substantially equals a lattice parameter of an overlayer to
be deposited thereon;

(7) T, 1s sufficiently above h_., that the superlattice 1s
relaxed; and

(8) the superlattice 1s transparent to light emitted from an
active region of an optoelectronic device (when used 1n such
a device).

In some embodiments, superlattice 103 1s preferably con-
figured to meet relationships 1-6 above. In other non-limiting
embodiments, superlattice 103 1s configured to meet relation-
ships 1-7 above. Without limitation, superlattice 103 1s pred-
erably configured to meet all of the foregoing relationships,
particularly when 1t 1s used 1n the context of an optoelectronic
device. In such mstances, superlattice 103 may provide serve
to 1solate misfit dislocations at an interface between i1t and an
underlayer, while simultaneously serving as a substrate for
epitaxial or near epitaxial growth of one or more overlayers.
Moreover, superlattice 103 may also limit or prevent the
generation of misiit strain in an overlayer deposited thereon,
thereby limiting or preventing the development of new maisfit
dislocations 1n the overlayer.

For the sake of illustration, the present disclosure will now
proceed to describe the use of a superlattice 1n the formation
ol an optoelectronic device, such as an LED. Reference 1s
therefore made to FIG. 3, which depicts one example of an
LED including a superlattice consistent with the present dis-
closure. As 1illustrated, LED 300 includes substrate 301,
optional butifer layer 302, superlattice 103, n-type semicon-
ductive layer 304, active region 305, and p-type semiconduc-
tive layer 306.

From the arrangement of the layers, 1t may be understood
that LED 300 1s configured such that light emitted from active
region 305 may be transmitted through superlattice 103 and
substrate 301. It should be understood that this 1llustration 1s
exemplary, and LED’s having other configurations may also
be used. For example, LED 300 may be configured such that
N-type semiconductive layer 304 1s deposited on active
region 305, whereas p-type semiconductive layer 306 1s
deposited on superlattice 103.

It 1s also noted that the LEDs shown in FIGS. 3-5 are
illustrated with relatively few components for the sake of
simplicity. It should be understood that the LEDs may include
other components and/or layers which may be useful in an
LED. For example, the LEDs described herein may include
one or more reflective layers, other butler layers, cladding
(e.g., index guiding) layers, a capping layer, electrodes, elec-
tron and hole blocking layers, current spreading layers, pho-
tonic crystal structures, combinations thereof, and the like,
any or all of which may be commonly used in light emitting
diodes.

Substrate 301 may be formed from any material that 1s
suitable for use 1n an optoelectronic device. As non-limiting
examples of matenials that may be suitably used to form
substrate 301, mention 1s made of oxide substrates such as
aluminum oxide (e.g., Al,O,; (1.e., sapphire), aluminum
nitride, gallium nitride, germanium, silicon, silicon dioxide
(S10,), titamium dioxide (T10,), carbide substrates such as
s1licon carbide (S1C), boron carbide (BC), selenide substrates
such as zinc selemde (ZnSe), combinations thereot, and the
like. Without limitation, substrate 301 is preferably formed
from sapphire.

Substrate 301 may be transparent to light emitted from
active region 305, e.g., visible light, ultraviolet light, etc. For
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example, substrate 301 may transmit greater than or equal to
about 50% of incident light emitted from active region 305. In
some embodiments, substrate 301 may transmit greater than
or equal to about 60%, 70%, 80%, 90% or even 100% of
incident light emitted from active region 305.

Although not required, an optional butier layer 302 may be
formed on substrate 301. Optional buifer layer 302 may be
configured to have a lattice parameter that more closely
matches the lattice parameter of the first layer of superlattice
103 than the lattice parameter of substrate 301. Thus for
example, where substrate 301 1s sapphire and the first layer of
superlattice 103 to be deposited 1s AIN, GaN or an Al Ga,_ N
alloy, optional builer layer 302 may be formed from AIN,
GaN, or an Al Ga,_N alloy. In instances where optional
buifer layer 302 1s used, superlattice 103 may serve as a
transition between optional buifer layer 302 and an overlayer,
such as n-type semiconductive layer 304.

N-type semiconductive layer 304 may be formed from any
suitable n-type semiconductive material, such as those suit-
able for use 1n optoelectronic devices. As non-limiting
examples of such materials, mention 1s made of n-doped
aluminum gallium nitrides. Without limitation, n-type semi-
conductive layer 304 1s preferably formed from an aluminum
gallium nitride of the formula Al Ga,_ N, wherein z 1s less
than 1 and greater than O, such as less than or equal to about
0.8 and greater than or equal to about 0.2, or even less than or
equal to about 0.6 and greater than or equal to about 0.4. In
some embodiments, n-type semiconductive layer 304 1s
formed from n-doped Al ,-Ga, <3N, as shown 1n FIGS. 4 and
5.

Active region 305 generally functions to emait light, e.g., 1n
response to the recombination of one or more electrons and
holes. Active region 305 may therefore be any active region
that 1s suitable for this purpose. For example, active region
3035 may be in the form of a multiple quantum well hetero-
structure (MQW) that 1s configured to emit visible and or
ultraviolet light. In some embodiments, active region 305 1s
an MQW that includes one or more layers of aluminum gal-
lium nitride of the formula Al _Ga,_ N, wherein a ranges from
greater than 0.1 to about 0.7, such as greater than 0.4 to about
0.7, or even greater than 0.5 to about 0.7. Without limitation,
active region 305 1s an MQW formed from multiple periods
including first and second Al Ga,_ N layers, wherein the first
and second Al Ga, N layers differ in composition. For
example, active region 305 may be formed from 1-10 two
layer periods, wherein each period includes a first Al_Ga,_ N
layer and a second Al _Ga,_ N layer, wherein a 1s different in
the first and second Al Ga,_ N layers. In some embodiments
active region 305 1s formed of five two layer periods, wherein
cach period includes a layer of Al, ,oGa, ;N and a layer of
Al, ,Ga, ;N.

P-type semiconductive layer 306 may be formed from any
p-type semiconductive material that 1s suitable for use in an
optoelectronic device. As non-limiting examples of suitable
p-type semiconductive materials that may be used, mention 1s
made of p doped Al Ga, N alloys, GaN, combinations
thereof, and the like. Without limitation, p-type semiconduc-
tive layer 306 1s preferably formed from an aluminum gallium
nitride of the formula Al, Ga,_,N, wherein b 1s less than 1 and
greater than 0, such as less than or equal to about 0.8 and
greater than or equal to about 0.2, or even less than or equal to
about 0.6 and greater than or equal to about 0.4. In some
embodiments, p-type semiconductive layer 306 1s formed
from p-doped Al, -Ga, ,sN and/or Al; ,ca,<;N. In some
embodiments, p-type semiconductive layer 306 includes one
or more two-layer periods including first and second p-type
semiconductive layers, wherein the first p-type layers are
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formed from a first Al Ga,__N alloy and the second p-type
layers are formed from a second Al Ga, N alloy. For
example, p-type semiconductive layer 306 may be formed
from 1-10 two layer periods, wherein each period includes a
first p-doped layer of Al, .-Ga, 4N and a second p-doped
layer of Al, .oGa, < N.

Consistent with the discussion of FIGS. 1 and 2, n-type
semiconductive layer 304 and substrate 301 (or bufler layer
302) may have sigmificantly different lattice parameters. For
example, where n-type semiconductive layer1s an Al Ga,_ N
alloy and substrate 301 1s sapphire, the lattice parameter of
such layers may differ by as much as 13%. As a result, 11
n-type semiconductive layer 304 were deposited directly on
substrate 301 (e.g., using a physical or chemical vapor depo-
sition process ), misfit strain would build 1n n-type semicon-
ductive layer 304, eventually resulting 1n the formation of
misiit dislocations. Such dislocations may negatively impact
the performance of LED 300, particularly 1n instances where
active region 305 1s configured to emit ultraviolet light.

In part to address this 1ssue, LED 300 includes superlattice
103, which may be configured as described above 1n connec-
tion with FIGS. 1 and 2. For example, superlattice 103 may
include a plurality of periods each of which include at least
first and second layer that differ in composition, wherein the
superlattice 1s configured to meet one or a combination of
relationships 1 through 8 described above. The manner in
which such relationships may be achieved has been described
above, and thus 1s not reiterated for the sake of brevity. With-
out limitation, superlattice 103 1s preferably configured such
that 1t meets all of relationships 1-8 described above.

To further illustrate the concepts described herein, the
present disclosure will now proceed to describe two hypo-
thetical exemplary LEDs that include a superlattice consis-
tent with the present disclosure. Such examples are illustra-
tive only, and should not be considered to limit the scope of
the present disclosure.

Reference 1s therefore made to FIG. 4, which depicts one
non-limiting hypothetical example of an LED including a
superlattice consistent with the present disclosure. As shown,
LED 400 includes substrate 301, which 1n this case 1s formed
from sapphire. A 500 nm buffer layer of AIN 1s formed on the
upper surface of substrate 301. Superlattice 103 1s formed on
butffer layer 302, and serves as a transition between builer
layer 302 and n-doped semiconductive layer 304, which 1n
this example 1s 1 micron thick layer of n-doped
Al, --Ga, .3 N. A multiple quantum well structure (e.g., S two
layer periods of Al,,,GA, ;N at 38 angstroms and
Al -,Ga, ;N at 128 angstroms ) 1s formed as an active region
on n-doped semiconductive layer, and i1s configured to emit
ultraviolet light. A p-type semiconductive layer 306 (e.g., five
three layer periods of p-Al,<-Ga,.,;N at 20 nm,
p-Al, .0Ga, N at 400 nm, and p-GaN at 50 nm) 1s then
formed on active region 303.

As shown 1n FIG. 4, superlattice 103 in this example 1s
formed on an upper surface of butler layer 302, and 1s formed
by 200, periods, each of which include alternating first and
second layers 201, 202. In this example, y=5, first layers 201
are AIN deposited to a thickness T, of 24.9 angstroms, and
second layers 202 are GaN deposited to a thickness T, of
23.35 angstroms. Accordingly, the thickness T, of superlat-
tice 103 1s 241.25 angstroms.

The average weighted composition of superlattice 103 was
determined by weighting the concentration of each element 1in
the compositions of the first and second layers by the thick-
ness ol the respective thickness 1n which they appear, and
dividing the result by T;. In this case, the average weighted
composition ol superlattice 103 was determined to be
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Al, <3Ga, 4,N. The average weighted composition of the
superlattice therefore differed from the composition of n-type
semiconductive layer 304 by about 8.6% 1n aluminum con-
centration and about 11.6% in gallium concentration. The
weilghted average in-plane lattice parameter of the superlat-
tice was determined to be less than 0.1% ditferent than the
in-plane lattice parameter of n-type semiconductive layer
304.

Reference 1s now made to FIG. 5, which depicts another
hypothetical example of an LED consistent with the present
disclosure. As shown, LED 500 includes substrate 301, butfer
layer 302, n-type semiconductive layer 304, active region
305, and p-type semiconductive layer 306, each of which are
configured 1n the same manner as described above 1n connec-
tion with LED 400 and FIG. 4. A description of such compo-
nents 1s therefore not reiterated. As further shown, LED 500
includes superlattice 103, which 1s formed from a plurality of
periods 200, In this example however, y=9, each first layer 1s
AIN at 24.9 angstroms, and each second layer 202 1s
Al ,Ga, 0N at 25.84 angstroms. Accordingly, the thickness
T, of superlattice 103 1n FIG. 5 1s 456.7 angstroms.

The average weighted composition of superlattice 103 1n
FIG. 5 was determined by weighting the concentration of
cach element in the compositions of the first and second
layers by the total thickness of the respective layers 1n which
they appear, and dividing the result by T,. In this case, the
average weighted composition of the superlattice was deter-
mined to be Al, ..Ga, ,.N. The average weighted composi-
tion of the superlattice theretore differed from the composi-
tion of n-type semiconductive layer 304 by about 3.5% in
aluminum concentration and about 4.7% 1n galllum concen-
tration. The weighted average 1n-plane lattice parameter of
the superlattice was determined to be less than 0.05% difier-
ent than the in-plane lattice parameter of n-type semiconduc-
tive layer 304. This allowed for n-layer 304 to be deposited to
a thickness of up to about 2732 angstroms without the gen-
eration of misfit dislocations.

However, because superlattice 103 1 FIG. 5 used an
Al _Ga,_ N alloy to form second layers 202, the strength of
superlattice 103 of FIG. § was somewhat less than that of
superlattice 103 1n FIG. 4. As a result, 1t 1s expected that the
superlattice of FIG. 3 may be somewhat less effective than the
superlattice of FIG. 4 at 1solating defects that may be present
in the AIN butter layer 302.

Another aspect of the present disclosure relates to methods
of forming a structure to transition between two layers of
differing lattice parameters, ¢.g., overlayer 102 and under-
layer 101 described. Reference 1s therefore made to FIG. 6,
which 1s a flow diagram depicting operations of an exemplary
method consistent with the present disclosure. As shown,
method 600 begins at block 601. At block 602, a determina-
tion may be made as to the composition of the underlayer
(e.g., substrate) and overlayer (e.g., n-type semiconductive
layer) that are to be used. Once this determination 1s made, the
method may proceed to block 603, wherein a determination
may be made as to the compositions that will be used to form
the layers of a superlattice structure to transition between the
overlayer and underlayer.

As discussed above, the composition of the layers used 1n
a superlattice may be determined based on numerous factors
such as the difference 1n the lattice parameters between the
over and underlayer, the composition of the underlayer, the
composition of the overlayer, the critical thickness of the
resulting layers, deposition considerations (e.g., whether a
composition may be deposited to a desired thickness using
reasonable techniques), etc. In some embodiments, the super-
lattice 1s formed by a plurality of periods 1including at least
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first and second layers, and the first and second layer compo-
sitions are selected based at least in part on the composition of
the overlayer. For example, the compositions of the first and
second layers may be selected such that the average weighted
composition of the superlattice 1s equal or nearly equal (e.g.,
+/15%) of the composition of the overlayer.

Once the superlattice materials have been selected, the
method may proceed to block 604, wherein the superlattice
structure may be designed. As explained above 1n connection
with FIGS. 1 and 2, various parameters such as the thickness
of each layer 1n a superlattice, each period, and/or the super-
lattice as a whole may be controlled to achieve desired per-
formance characteristics. For example, the superlattice may
be designed to meet one or a combination of relationships 1-8
specified above.

Once the superlattice has been designed, the process may
proceed to block 605, wherein the superlattice may be depos-
ited on the underlayer. Deposition of the constituent layers of
the superlattice may be performed using any suitable deposi-
tion technique, including physical vapor deposition, chemical
vapor deposition, molecular beam epitaxy, etc. After deposi-
tion of the superlattice, the method may proceed to block 606,
wherein the overlayer 1s deposited on the superlattice. As
mentioned above, because the superlattice has a lattice
parameter that matches or substantially matches the lattice
parameter ol the overlayer, the overlayer may be grown epi-
taxially over the superlattice without the introduction of mis-
{1t strain, and/or with a reduced amount of misfit strain (rela-
tive to the strain that would be introduced 1t the overlayer
were deposited directly on the underlayer).

While the principles of the mnvention have been described
herein, 1t 1s to be understood by those skilled in the art that this
description 1s made only by way of example and not as a
limitation as to the scope of the mvention. Other embodi-
ments are contemplated within the scope of the present inven-
tion 1in addition to the exemplary embodiments shown and
described herein. Modifications and substitutions by one of
ordinary skill 1n the art are considered to be within the scope
of the present invention, which 1s not to be limited except by
the following claims.

What 1s claimed 1s:
1. A structure to transition between two layers of differing
lattice parameters, comprising:
a superlattice on a bottom layer of said two layers, the
superlattice comprising a plurality of alternating a first
layer and a second layer, the first and second layers
having respective first and second critical thicknesses,
h_., and h_,, wherein a thickness T, of the first layer 1s
less than h _; and a thickness T, of the second layer1s less
than h _,;
wherein said superlattice has an average weighted compo-
sition and lattice parameter that substantially match a
composition and lattice parameter of a top layer of said
two layers, said top second layer of said two layers to be
deposited on said superlattice; and
wherein said superlattice comprises a plurality of periods
comprising one of said first layers and one of said second
layers, wherein each period of said plurality of periods
has a thickness T, and a critical thickness h_,, and the
thickness T, of each of said plurality ot periods i1s less
than h_,, wherein 1 and hep may be the same or difter-
ent for each of said plurality of periods.
2. The structure of claim 1, wherein said superlattice has a
thickness T and a critical thickness h__,, wheremn T, 1s
greater than h_,.
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3. The structure of claim 1, wherein said first layers com-
prise a first metal nitride and said second layers comprise a
second metal nitride.

4. The structure of claim 3, wherein said first layer com-
prises an aluminum nitride and said second layer comprises a
gallium nitride.

5. The structure of claim 4, wherein said first layers are
formed from AIN and said second layers are formed from at
least one of GaN and Al Ga,_ N, where 0<x<1.

6. The structure of claim 1, wherein said lattice parameter
of said superlattice 1s an in-plane lattice parameter of said
superlattice, and said lattice parameter of the top layer of said
two layers 1s an 1n plane lattice parameter of the top layer of
said two layers.

7. The structure of claim 1, wherein said top layer of said
two layers of differing lattice parameters 1s a semiconductive
layer comprising aluminum, and said average weighted com-
position of said superlattice contains aluminum 1n an amount
greater than the amount of aluminum 1n said semiconductive
layer.

8. The structure of claim 7, wherein said bottom layer of
said two layers of differing lattice parameters 1s sapphire.

9. The structure of claim 1, wherein said structure i1s
capable of transmitting ultraviolet light.

10. A light emitting diode, comprising:

a substrate having a first lattice parameter;

a superlattice on said substrate, the superlattice comprising,

a plurality of alternating first and second layers, the first
and second layers having respective first and second
critical thicknesses, h ., and h_,, wherein a thickness T,
of the first layer 1s less than h_, and a thickness T, of the
second layer T, 1s less than h _,;

a semiconductive layer having a first composition and a
second lattice parameter formed on said superlattice;
and

a light emitting active layer formed on said semiconductive
layer;

wherein:

said second lattice parameter 1s different from said first
lattice parameter said superlattice has an average
weighted composition that substantially matches said
first composition; and

said superlattice has a lattice parameter that substantially
matches said second lattice parameter; and

wherein said superlattice comprises a plurality of periods
comprising one of said first layers and one of said second
layers, wherein each period of said plurality of periods
has a thickness T, and a critical thickness hep, and the
thickness 1, of each of said plurality of periods 1s less
thanh_,, wherein T and h_, may be the same or ditferent
for each of said plurality of periods.

11. The light emitting diode of claim 10, wherein said
superlattice has a thickness T, and a critical thickness h__,,
wherein T, 1s greater than h__,.

12. The structure of claim 10, wherein said first layers
comprise a first metal nitride and said second layers comprise
a second metal nitride.

13. The structure of claim 10, wherein said lattice param-
cter of said superlattice 1s an in-plane lattice parameter of said
superlattice, and said lattice parameter of said semiconduc-
tive layer 1s an 1n-plane lattice parameter of said semiconduc-
tive layer.

14. The structure of claim 10, wherein said first composi-
tion comprises aluminum, and said average composition of
said superlattice contains aluminum in an amount substan-
tially equal to the amount of aluminum 1n said first composi-
tion.
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15. The structure of claim 10, wherein said structure 1s
capable of transmitting ultraviolet light.

16. The structure of claim 10, wherein said superlattice 1s
configured to transmit ultraviolet light emitted by said active
layer.

17. The structure of claim 10, wherein said first layer
comprises an aluminum nitride, a gallium nitride, an alumi-
num gallium nitride or a combination thereot, said second
layer comprises an aluminum nitride, a gallium nitride, an
aluminum gallium nitride, or a combination thereof, and said
first and second layers differ in composition.

18. The structure of claim 17, wherein said first layers are
formed from AIN and said second layers are formed from at
least one of GaN and Al _Ga,_ N, where 0<x<I1.

19. The structure of claim 17, wherein said substrate 1s
sapphire.
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